Abstract. Formation of ultrathin anodised aluminium oxide (AAO) membranes with high aspect ratio by Al anodization in sulphuric and oxalic acids at low potentials was investigated. Low anodization potentials ensure slow electrochemical reaction speeds and formation of AAO membranes with pore diameter and thickness below 20 nm and 70 nm respectively. Minimum time necessary for formation of continuous AAO membranes was determined. AAO membrane pore surface was covered with polymer Paraloid B72
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Three-dimensional structural engineering of nanoporous alumina by controlled sprinkling of an electrolyte on a porous anodic alumina (PAA) template M Moradi, M Noormohammadi and F Behzadi -Fabrication of ultra thin anodic aluminium oxide membranes by low anodization voltages 1 . Introduction Nanoporous anodized aluminium oxide (AAO) membranes have attracted much attention due to theirhighly ordered porous structure, variable range of nanopores diameter and high nanopores density [1] [2] [3] . The diameter of the nonporous and the thickness of the membranes can be easily controlled by the anodization voltage, the type of electrolyte used and the anodization time [2, 3] . Anodized AAO membranes are widely used for the fabrication of nanowires and nanotube arrays, in filtration, as sensors, catalysts, in solar cells etc. [1, 4, 5] .
Ultrathin AAO membranes were recently used as masks for the fabrication of nanoparticle arrays on different surfaces. These membranes can be formed directly on some surfaces, such as silicon and Indium Tin Oxide. A thin layer of Al is deposited on these substrates, and nanoporous masks are fabricated by the anodization of this layer [3, 6] . The formation of ultrathin AAO masks on other surfaces requires the fabrication of free standing membranes [7] . Various techniques to make them portable by covering the mask with a polymer layer have been developed. After placing the mask on the substrate, the polymer layer is dissolved [8] . So far, nanoparticles with diameters of 50-80 nm have been deposited on surfaces through AAO masks with diameters of 60-100 nm and thickness of 200-700 nm [8, 9] . These AAO masks are fabricated in oxalic acid at an anodization voltage of 40 V. A more complicated task is the fabrication of nanoparticles for application as quantum dots: In this case ultrathin AAO masks with pore diameters below 20 nm and an aspect ratio between the membrane's thickness and the pore diameter less than 10 is required [10] . In ta recent work [11] ultrathin AAO membranes with pore diameter below 20 nm and thickness 80 nm have been fabricated by Al anodization in sulphuric acid at a potential of 25-40 V. In this work the formation of ultrathin membranes was achieved only after decreasing the reaction speed by adding modulators in a solution.
In this paper, ultrathin AAO membranes were fabricated by applying low anodization voltages providing low reaction speed during AAO formation. A low anodization speed is required to get membrane thicknesse below 100 nm in a reproducible way. With this procedure we have obtained AAO membranes with pore diameters below 20 nm and membrane thickness below 70 nm.
Experimental
Ultra thin AAO membranes were prepared by two-steps anodization of annealed and degreased aluminium (99.999 % 0.32mm from Good Fellow) in sulphuric (0.3-0.5 mol/L) and oxalic (0.3-1.0 mol/L) acids by applying direct current. The ultrathin AAO surfaces formed during the second anodization were coated with a layer of Paraloid B72
TM by dipping them into 2.5 wt% Paraloid B72 TM /acetone solution or using spin-coating. The sample was left for 2 days to allow the solvent to evaporate. Afterwards, the aluminium substrate was removed by floating the sample on the surface of an acidic mixture of CuCl 2 and HCl. After aluminium was completely removed, the composite membrane was rinsed with HNO 3 solution to remove solid cooper that might have deposited on it during the aluminium removal process. The barrier layer was selectively removed by placing the composite membrane on the surface of a 10 wt% H 3 PO 4 solution at room temperature. The ultrathin AAO membrane was then transferred onto the selected substrate. Paraloid B72 TM was removed by dipping the membrane into acetone (alternatively, oxygen plasma treatment was used for the removal).
Scanning electron microscope (SEM) Hitachi S 4800 was used for the control of the pore size and their distribution as well as to determine the thickness of the fabricated ultrathin AAO membranes. The Polymer film thickness was assumed to be approximately identical to the thickness of spin coated film on the silicon surface. The film thickness was determined by profilometer's measurements.
Results and discussion
To fabricate thin r membranes with a high aspect ratio we decreased the growth rate by using lower anodization potentials. We found that at room temperature ultrathin AAO membranes can be formed at voltages starting as low as 6 V (when formed in sulphuric acid) and 10 V (when formed in oxalic acid). Pore diameters of the fabricated ultrathin AAO membranes were below 50nm for oxalic acid and below 20 nm for sulphuric acids were below 50nm (see Figure 1) . The pore formation voltage for sulphuric acid solutions was consistent with data presented in [11] with the difference that in ref [11] this method was applied only for formation of thick AAO membranes at low temperatures. a b To prevent cracking, folding and ripping of the obtained ultrathin AAO membrane, the pore surface was covered with polymer Paraloid B72 TM after the second anodization. This polymer was chosen with respect to the usually used polystyrene [8] because of two important considerations 1) Firstly, Paraloid B72
TM is more elastic, and, 2) it can be dissolved with acetone that is less toxic than hexane. The thickness of the polymer layer, to a large extent, determines the quality of the AAO mask. If the polymer layer is too thin, the mask will not be robust enough and the AAO film will crack during the transfer to the substrate (Figure 2a) . In our experiment the number of cracks decreased with the increase in polymer thickness (decreasing spinning speed), see Figure 2b . However, if the polymer layer is too thick, the film will float on the solution surface. We have been able to ge areas of 1 mm 2 .of AAO membrane with thickness below 70 nm without cracks Figure 2 . SEM image of ultrathin AAO membrane surface after transfer to the substrate. Different polymer coating thicknesses are obtained by varying spinning speeds: (A) 3000 rms, corresponding layer thickness of 0.5 μm; (B) 1000 rms, corresponding layer thickness 1.8 μm.
10 wt% H 3 PO 4 was used to remove the barrier layer when the composite membrane was floating onto the surface of the solution for 15 min. The widening of pore diameters was not observed at these conditions. The porous structure of the ultrathin AAO was damaged when etching for periods longer than 15 min because alumina had started to vertically dissolve nanopore walls.
We have found that continuous ultrathin AAO mask formation requires anodization time of the order of 60-120 sec. In a time resolved current response the typical current kinetics corresponding to the pore initiation process [3] are observed during the first 40 sec. The stabilisation of the current after pore initialisation is related to a continuous growth of the pores. Films with thickness below 70 nm can be easily fabricated when the anodization time is between 60 and 120 sec (see Figure 3) . To decrease the fabrication time of ultrathin AAO membranes aiming cheper production we decreased the time of the first anodization (for example, 24 hours in 0.3 M (COOH) 2 solution). To produce thicker AAO layer in shorter time we increased the anodization current by using higher electrolyte concentrations. Kinetics of the current during the first anodization in different concentrations of sulphuric acid is shown in Figure 4 . The current slightly decreases with time after reaching the maximum valuue which might be due to formation of a denser alumina layer. Our experiments show that well ordered self-assembled nanomasks for further pore formation can be obtained by using higher electrolyte concentrations and shorter times during the first anodization.
Conclusions
Ultrathin AAO membranes with thickness below 70 nm can be obtained by using low voltages. The shorter times to fabricate continuous AAO membrane are between 60 and 120 sec. By performing the first anodization in higher concentration electrolytes we have been able to decrease the anodization voltage and time without affecting the pore diameter and degree of ordering.
